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FOREWORD 
The Safe Drinking Water Act (SDWA), as amended in 1996, requires the Administrator of the U.S. 
Environmental Protection Agency (EPA) to establish a list of unregulated microbiological and chemical 
contaminants that are known or anticipated to occur in public water systems and that may need to be 
controlled with a national primary drinking water regulation. The SDWA also requires that the Agency 
make regulatory determinations on at least five contaminants on the list every five years. For each 
contaminant on the Contaminant Candidate List (CCL), the Agency will need to obtain sufficient data to 
conduct analyses on the extent of occurrence and the risk posed to populations via drinking water. 
Ultimately, this information will assist the Agency in determining the appropriate course of action (e.g., 
develop a regulation, develop guidance or make a decision not to regulate the contaminant in drinking 
water). 

This document presents information, including occurrence, toxicology and epidemiology data, for the 
cyanobacterial toxins microcystins to be considered in the development of a Drinking Water Health 
Advisory (DWHA). DWHAs serve as the informal technical guidance for unregulated drinking water 
contaminants to assist federal, state and local officials, and managers of public or community water 
systems in protecting public health as needed. They are not to be construed as legally enforceable federal 
standards. 

To develop the Health Effects Support Document (HESD) for microcystins, a comprehensive literature 
search was conducted from January 2013 to May 2014 using Toxicology Literature Online (TOXLINE), 
PubMed component and Google Scholar to ensure the most recent published information on microcystins 
was included. The literature search included the following terms: microcystin, microcystin congeners, 
congeners, human toxicity, animal toxicity, in vitro toxicity, in vivo toxicity, occurrence, environmental 
fate, mobility and persistence. EPA assembled available information on: occurrence; environmental fate; 
mechanisms of toxicity; acute, short term, subchronic and chronic toxicity and cancer in humans and 
animals; toxicokinetics and exposure. 

Additionally, EPA relied on information from the following risk assessments in the development of the 
HESD for microcystin. 

• Health Canada (2012) Toxicity Profile for Cyanobacterial Toxins
• Enzo Funari and Emanuela Testai (2008) Human Health Risk Assessment Related to Cyanotoxins

Exposure
• Tai Nguyen Duy, Paul Lam, Glen Shaw and Des Connell (2000) Toxicology and Risk

Assessment of Freshwater Cyanobacterial (Blue-Green Algal) Toxins in Water

A Reference Dose (RfD) determination assumes that thresholds exist for certain toxic effects, such as 
cellular necrosis, significant body or organ weight changes, blood disorders, etc. It is expressed in terms 
of milligrams per kilogram per day (mg/kg/day) or micrograms per kilogram per day (µg/kg/day). In 
general, the RfD is an estimate (with uncertainty spanning perhaps an order of magnitude) of a daily oral 
exposure to the human population (including sensitive subgroups) that is likely to be without an 
appreciable risk of deleterious effects during a lifetime. 

The carcinogenicity assessment for microcystins includes a formal hazard identification and an estimate 
of tumorigenic potency if applicable. Hazard identification is a weight-of-evidence judgment of the 
likelihood that the agent is a human carcinogen via the oral route and of the conditions under which the 
carcinogenic effects may be expressed. 
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Development of this hazard identification and dose-response assessment for microcystins has followed 
the general guidelines for risk assessment as set forth by the National Research Council (1983) the EPA’s 
(2014b) Framework for Human Health Risk Assessment to Inform Decision Making. EPA guidelines used 
in the development of this assessment include the following: 

• Guidelines for the Health Risk Assessment of Chemical Mixtures (U.S. EPA, 1986a)
• Guidelines for Mutagenicity Risk Assessment (U.S. EPA, 1986b)
• Recommendations for and Documentation of Biological Values for Use in Risk Assessment (U.S.

EPA, 1988)
• Guidelines for Developmental Toxicity Risk Assessment (U.S. EPA, 1991)
• Interim Policy for Particle Size and Limit Concentration Issues in Inhalation Toxicity Studies

(U.S. EPA, 1994a)
• Methods for Derivation of Inhalation Reference Concentrations and Application of Inhalation

Dosimetry (U.S. EPA, 1994b)
• Use of the Benchmark Dose Approach in Health Risk Assessment (U.S. EPA, 1995)
• Guidelines for Reproductive Toxicity Risk Assessment (U.S. EPA, 1996)
• Guidelines for Neurotoxicity Risk Assessment (U.S. EPA, 1998)
• Science Policy Council Handbook: Peer Review (2nd edition) (U.S. EPA, 2000a)
• Supplemental Guidance for Conducting Health Risk Assessment of Chemical Mixtures (U.S.

EPA, 2000b)
• A Review of the Reference Dose and Reference Concentration Processes (U.S. EPA, 2002)
• Guidelines for Carcinogen Risk Assessment (U.S. EPA, 2005a)
• Supplemental Guidance for Assessing Susceptibility from Early-Life Exposure to Carcinogens

(U.S. EPA, 2005b)
• Science Policy Council Handbook: Peer Review (U.S. EPA, 2006a)
• A Framework for Assessing Health Risks of Environmental Exposures to Children (U.S. EPA,

2006b)
• Highlights of the Exposure Factors Handbook (U.S. EPA, 2011)
• Benchmark Dose Technical Guidance Document (U.S. EPA, 2012)
• Child-Specific Exposure Scenarios Examples (U.S. EPA, 2014a)
• Framework for Human Health Risk Assessment to Inform Decision Making (U.S. EPA, 2014b)
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EXECUTIVE SUMMARY 
Microcystins are toxins produced by various cyanobacterial species, including members of Microcystis, 
Anabaena, Nodularia, Planktothrix, Fischerella, Nostoc, Oscillatoria, and Gloeotrichia. Structurally, the 
microcystins are monocyclic heptapeptides that contain seven amino acids joined end-to-end and then 
head to tail to form cyclic compounds that are comparatively large, (molecular weights ranging from ~ 
800 to 1,100 g/mole). 

Microcystin congeners vary based on their amino acid composition and through methylation or 
demethylation at selected sites within the cyclicpeptide. The variations in composition and methylation 
account for the large number of toxin congeners (approximately 100). The microcystins are named based 
on their variable amino acids. For example, microcystin-LR, the most common congener, contains leucine 
(L) and arginine (R). The preponderance of toxicological data on the effects of microcystins is restricted 
to the microcystin-LR congener. 

Microcystins are the most common cyanotoxins found worldwide and are relatively stable in the 
environment as they are resistant to hydrolysis at near neutral pH. In the presence of full sunlight, 
photochemical breakdown can occur in as little as two weeks or longer than six weeks, depending on the 
microcystin congener. They are susceptible to degradation by aquatic bacteria found naturally in rivers 
and reservoirs. In aquatic environments the toxin tends to remain contained within the cyanobacterial cell 
and is released in substantial amounts only upon cell lysis. Microcystins have been reported to remain 
potent even after boiling. Microcystins may adsorb onto naturally suspended solids and dried crusts of 
cyanobacteria and can precipitate out of the water column and reside in sediments for months. 
Concentrations associated with blooms in surface waters in the U.S. and Europe typically range from very 
low levels (detection limit) and have been measured as high as 150,000 µg/L. 

Drinking water is an important source of potential exposure to cyanotoxins. Exposure to cyanobacteria 
and their toxins may also occur by ingestion of toxin-contaminated food, by inhalation and dermal contact 
during bathing or showering, and during recreational activities in waterbodies with the toxins. However, 
these types of exposures are considered minimal due to various factors including lack of biomagnification 
and biodilution via food. Due to the seasonality of cyanobacterial blooms, exposures are usually not 
chronic. Symptoms reported after acute recreational exposure to cyanobacterial blooms (including 
microcystin-producing genera) included skin irritations, allergic reactions or gastrointestinal illnesses. 

Limited data in humans and animals demonstrate that the absorption of microcystins from the intestinal 
tract into liver, brain, and other tissues, and the export from the body, requires facilitated transport using 
receptors belonging to the organic acid transporter polypeptide (OATp) family. Data in humans and 
animals suggests that the liver is a primary site for binding these proteins (i.e., increased liver weight in 
laboratory animals and increased levels of serum enzymes in laboratory animals and humans). Once 
inside the cell, these toxins covalently bind to cytosolic proteins (PP1 and PP2) resulting in their retention 
in the liver. Limited data are available on the metabolism of microcystins, but most of the studies show 
that conjugation with glutathione and cysteine increases solubility and facilitates excretion. 

Human data on the oral toxicity of MC-LR are limited by lack of quantitative information and by 
potential co-exposure to other cyanobacterial toxins and microorganisms. Acute, short-term and 
subchronic experimental studies all provide evidence of hepatotoxicity, and chronic studies, that are 
limited by lack of evaluation of comprehensive endpoints and comprehensive reporting, support these 
findings. Several studies of microcystin-LR reported findings of lesions in the testes and decreased sperm 
counts and motility. 

EPA estimated a reference dose (RfD) for microcystins of 0.05 µg/kg/day based on increased liver 
weight, slight to moderate liver lesions with necrosis with hemorrhages, and increased enzyme levels in 
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rats from the study by Heinze (1999). This study identified a LOAEL of 50 μg/kg/day, based on these 
effects. The drinking water route of exposure and shorter duration of the study (28 days) closely match 
potential short-term exposure scenarios that are the focus of a Ten-day health advisory for microcystin. 
The composite uncertainty factor includes application of a 10 for intraspecies variability, 10 for 
interspecies variability, 3 (10½) for converting a LOAEL to a NOAEL, and 3 (10½) for uncertainties in the 
database. 

Applying the Guidelines for Carcinogen Risk Assessment, there is inadequate evidence to determine the 
carcinogenicity of microcystins. The few available epidemiological studies suggest an association 
between liver or colorectal cancers and microcystin exposures, but are limited by their ecological study 
design, lack of individual exposure measurements, potential co-exposure to other microbial or chemical 
contaminants and, in some cases, failure to control for known liver and colorectal risk factors. No long 
term animal studies designed to evaluate dose-response for tumorigenicity of microcystin following 
lifetime exposures were available. Other studies evaluating the tumor promotion potential of microcystin 
following pretreatment with a potent initiator such as NDEA or N-methyl-N-nitroso urea, found an 
increase in the number and/or size of GST-P positive foci observed (Nishiwaki-Matsushima et al., 1992; 
Ohta et al., 1994; Falconer and Humpage, 1996; Sekijima et al., 1999; Humpage et al., 2000; Ito et al., 
1997b). In two promotion studies, MC-LR alone showed no initiating activity (Nishiwaki-Matsushima et 
al., 1992; Ohta et al., 1994). 
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1.0 IDENTITY: CHEMICAL AND PHYSICAL PROPERTIES 

1.1 Chemical and Physical Properties 
Cyanobacteria, formerly known as blue-green algae (Cyanophyceae), are a group of bacteria containing 
chlorophyll-a that can carry out the light and dark phases of photosynthesis (Castenholz and Waterbury, 
1989). In addition to chlorophyll-a, other pigments such as carotene, xanthophyll, blue c phycocyanin and 
red c phycoerythrin are also present in cyanobacteria (Duy et al., 2000). Most cyanobacteria are aerobic 
photoautotrophs, requiring only water, carbon dioxide, inorganic nutrients and light for survival, but 
others have heterotrophic properties and can survive long periods in complete darkness (Fay, 1965). Some 
species also are capable of nitrogen fixation (i.e., diazotrophy) (Duy et al., 2000) producing inorganic 
nitrogen compounds to synthesize nitrogen-containing biomolecules, such as nucleic acids and proteins. 
Cyanobacteria can form symbiotic associations with animals and plants, such as fungi, bryophytes, 
pteriodophytes, gymnosperms and angiosperms, supporting their growth and reproduction (Sarma, 2013; 
Hudnell, 2008; Hudnell, 2010; Rai, 1990). 

Cyanobacteria can be found in unicellular, colony and multicellular filamentous forms. The unicellular 
form occurs when the daughter cells separate after binary fission reproduction. These cells can aggregate 
into irregular colonies held together by a slimy matrix secreted during colony growth (WHO, 1999). The 
filamentous form occurs when repeated cell divisions happen in a single plane at right angles to the main 
axis (WHO, 1999). Reproduction is asexual. 

Cyanobacteria are considered gram-negative, even though the peptidoglycan layer is thicker than most 
gram-negative bacteria. However, studies using electron microscopy show that cyanobacteria possess 
properties of both gram-negative and gram-positive bacteria (Stewart et al., 2006a). Compared to 
heterotrophic bacteria, the cyanobacterial lipopolysaccharides (LPS) have little or no 2-keto-3-deoxy-D-
manno-octonic acid, and they lack phosphate groups, glucosamine and L-glycero-D-mannoheptose. 
Cyanobacteria also have long-chain saturated and unsaturated fatty acids. 

Under the optimal pH, nutrient availability, light and temperature conditions, cyanobacteria can reproduce 
quickly forming a bloom. Studies of the impact of environmental factors on cyanotoxin production are 
ongoing, including such factors as nutrient (nitrogen, phosphorus and trace metals) concentrations, light, 
temperature, oxidative stressors and interactions with other biota (viruses, bacteria and animal grazers), as 
well as the combined effects of these factors (Paerl and Otten 2013a; 2013b). Fulvic and humic acids also 
have been reported to encourage cyanobacteria growth (Kosakowska et al., 2007). 

Cyanobacteria can produce a wide range of bioactive compounds, some of which have beneficial or 
therapeutic effects. These bioactive compounds have been used in pharmacology, as dietary supplements 
and as mood enhancers (Jensen et al., 2001). Other cyanobacteria can produce bioactive compounds that 
may be harmful, called cyanotoxins. The most commonly recognized bioactive compounds produced by 
cyanobacteria fall into four broad groupings: cyclic peptides, alkaloids, amino acids and LPS. 

Microcystins are produced by several cyanobacterial species, including species of Anabaena, Nodularia, 
Nostoc Oscillatoria, members of Microcystis, Fischerella, Planktothrix, and Gloeotrichia echinulata 
(Duy et al., 2000; Codd et al., 2005; Stewart et al., 2006a; Carey et al., 2012). 

1.2 Microcystin Congeners 
The cyclic peptides include six congeners of nodularins and around 100 congeners of microcystins. 
Figure 2-1 provides the structure of microcystin, a monocyclic heptapeptide, where X and Y represent 
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variable amino acids as presented in Table 1-1. Although substitutions mostly occur in positions X and Y, 
other modifications have been reported for all of the amino acids (Puddick et al., 2015). The amino acids 
are joined end-to-end and then head to tail to form cyclic compounds that are comparatively large, 
(molecular weights ranging from ~800 to 1,100 g/mole). Table 2-1 lists only the most common 
microcystin congeners, of which currently around 100 different congeners have been identified. 

Figure 1-1. Structure of Microcystin (Kondo et al., 1992). 

Nodularin has a similar structure to microcystin and a similar mode of toxicity (McElhiney et al., 2005). 
Nodularins show hepatotoxic effects through the inhibition of protein phosphatases just like microcystins 
and some have suggested carcinogenic potential of nodularins (Nishiwaki-Matsushima et al., 1992; Ohta 
et al., 1994). However, there are no published animals studies evaluating the health effects associated 
with exposure to nodularin. 

Microcystin congeners vary based on their amino acid composition and through methylation or 
demethylation at selected sites within the cyclicpeptide (Table 1-1; Duy et al., 2000). The variations in 
composition and methylation account for the large number of toxin congeners. The microcystins are 
named based on their variable amino acids, although they have had many other names (Carmichael et al., 
1988). For example, microcystin-LR, the most common congener, contains leucine (L) and arginine (R). 
The letters used to identify the variable amino acids are the standard single letter abbreviations for the 
amino acids found in proteins. The variable amino acids are usually the L-amino acids as found in 
proteins. There has been at least one microcystin where the leucine was D-leucine (Carmichael, 1992). 

Table 1-1. Amino Acid Composition of Various Microcystin Congeners (Yuan et al., 1999) 
Microcystins Congener Amino Acid in X Amino Acid in Y 

microcystin-LR Leucine Arginine 
microcystin-RR Arginine Arginine 
microcystin-YR Tyrosine Arginine 
microcystin-LA Leucine Alanine 
microcystin-LY Leucine Tyrosine 
microcystin-LF Leucine Phenylalanine 
 microcystin-LW Leucine Tryptophan 
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Most research has concentrated on microcystin-LR with lesser amounts of data available for the other 
amino acid combinations. Structurally, the microcystins are monocyclic heptapeptides that contain seven 
amino acids: two variable L-amino acids, three common D-amino acids or their derivatives, and two 
novel D-amino acids (Adda and Mdha). Adda (3S-amino-9S-methoxy-2,6,8S,-trimethyl-10-phenyldeca-
4,6-dienoic acid) is characteristic of all toxic microcystin structural congeners and is essential for their 
biological activity (Rao et al., 2002; Funari and Testai, 2008). Mdha (methyldehydroalanine) is the 
second unique component of the microcystins. It plays an important role in the ability of the microcystins 
to inhibit protein phosphatases. Figure 1-2 illustrates the structures of the two unique amino acid 
microcystin components. 

Microcystins are water soluble. In aquatic environments, the cyclic peptides tend to remain contained 
within the cyanobacterial cell and are released in substantial amounts only upon cell lysis. Microcystins 
are most frequently found in cyanobacterial blooms in fresh and brackish waters (WHO, 1999). Table 1-2 
provides chemical and physical properties of microcystin-LR. 

Adda Mdha 

Figure 1-2. Structure of the Amino Acids Adda and Mdha (Harada et al., 1991). 

Table 1-2. Chemical and Physical Properties of Microcystin-LR 
Property Microcystin-LR 

Chemical Abstracts Registry (CAS) # 101043-37-2 
Chemical Formula C49H74N10O12 
Molecular Weight 995.17 g/mole 
Color/Physical State Solid 
Boiling Point N/A 
Melting Point N/A 
Density 1.29 g/cm3 
Vapor Pressure at 25°C N/A 
Henry’s Law Constant N/A 
Kow N/A 
Koc N/A 
Solubility in Water Highly 
Other Solvents Ethanol and methanol 
Sources: Chemical Book, 2012; TOXLINE, 2012 
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2.0 TOXIN SYNTHESIS AND ENVIRONMENTAL FATE 

2.1 Cyanotoxin Synthesis 
Toxin production varies between blooms and within an individual bloom over time (Duy et al., 2000). 
Cyanotoxins can be produced by more than one species of cyanobacteria and some species may produce 
more than one toxin at a time, resulting in blooms with different cyanotoxins (Funari and Testai, 2008). 
The toxicity of a particular bloom is complex, determined by the mixture of species and the variation of 
strains with toxic and nontoxic genotypes involved (WHO, 1999). Generally, toxins in cyanobacteria are 
retained within the cell unless conditions favor cell wall lysis (ILS, 2000). 

The synthesis of cyanotoxins is the focus of much research with evidence suggesting that the production 
and accumulation of toxin(s) correlates with cyanobacterial growth rate, with the highest amount being 
produced during the late logarithmic phase (Funari and Testai, 2008). For example, Long et al. (2001) 
described a positive linear relationship between the content of microcystins in cells and their specific 
growth rate. 

Evidence suggests that the environmental conditions in which a bloom occurs may alter the levels of toxin 
produced. Several culture experiments have suggested that the biosynthesis of microcystin is regulated by 
environmental and nutritional factors including light intensity, temperature, and nutrients such as 
nitrogen, phosphorus, and iron (Neilan et al., 2007). However, the physiological function of iron is still 
unclear. Studies on the effect of different light intensities on microcystin production have yielded 
contradictory conclusions (Neilan et al., 2007). The effects of environmental conditions on bloom growth 
and toxin production are discussed in more detail in section 2.2. 

Although there is little information on the genetic regulation of microcystin production, Dittman et al. 
(1997) showed that peptide synthetase genes are responsible for microcystin production. Studies 
conducted by Kaebernick et al. (2000) on Microcystis aeruginosa suggest that microcystin is produced 
nonribosomally through large multifunctional enzyme complexes consisting of both nonribosomal 
peptide synthetase (NRPS) and polyketide synthase (PKS) modules coded by the mcyS (microcystin) 
gene cluster. According to Gewolb (2002), most NRPSs are made up of a series of four to 10 modules, 
each of which is responsible for specific steps of activation, modification, and condensation during the 
addition of one specific amino acid or other compound to the growing linear peptide chain that is then 
cyclized to produce microcystin. The sequence of modules in an enzyme determines the type of 
microcystin produced (Gewolb, 2002). 

The difference in toxicity of microcystin congeners depends on the amino acid composition (Falconer, 
2005). Stoner et al (1989) administered by intraperitoneal (i.p.) purified microcystin congeners (-LR, -LA, 
-LY and –RR congeners) into ten or more adult male and female Swiss albino mice. Necropsies were 
performed to confirm the presence of the pathognomonic hemorrhagic livers. The authors reported LD50 
doses of 36 ng/g-bw for microcystin-LR, 39 ng/g-bw for microcystin -LA, 91 ng/g-bw for microcystin -
LY and 111 ng/g-bw for microcystin –RR. Similarly, Gupta et al., (2003) determined LD50s for the MC 
congeners LR, RR and YR in female mice using DNA fragmentation assay and histopathology 
examinations of the liver and lung. The acute LD50 determinations showed that the most toxic variant 
was microcystin -LR (43.0 µg/kg), followed by microcystin-YR (110.6 µg/kg) and microcystin-RR 
(235.4 µg/kg). The most toxic microcystins are those with the more hydrophobic L-amino with one or 
two hydrophobic amino acids (-LA, -LR, -and -YM) and the least toxic are those with hydrophilic amino 
acids, such as microcystin-RR. The Adda group is also important since its removal or saturation of its 
double bonds greatly reduces toxicity. 
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2.2 Environmental Factors that Affect the Fate of Cyanotoxins 
Cyanotoxin production is strongly influenced by the environmental conditions that promote growth of 
particular cyanobacterial species and strains. Nutrient concentrations, light intensity, temperature, and 
other environmental factors affect growth and the population dynamics of cyanobacteria production, as 
described below. Although environmental conditions affect the formation of blooms, the number of 
cyanobacteria and the concentration of toxins produced are not always closely related. Cyanotoxin 
concentrations depend on the dominance and diversity of strains within the bloom along with 
environmental and ecosystem influences on bloom dynamics as shown in Figure 2-1 below (Hitzfeld et 
al., 2000; WHO, 1999). 

2.2.1 Nutrients 
Nutrients are key environmental drivers that influence the proportion of cyanobacteria in the 
phytoplankton community, the cyanobacterial biovolume, toxin production, and the impact that 
cyanobacteria may have on ecosystem function and water quality (Paerl et al., 2011). Cyanobacteria 
production and toxin concentrations are dependent on nutrient levels (Wang et al., 2002); however, 
different cyanobacteria species use organic and inorganic nutrient forms differently. Loading of nitrogen 
(N) and/or phosphorus (P) to water bodies from agricultural, industrial and urban sources influence the 
development of cyanobacterial blooms and may be related to cyanotoxin production (Paerl et al., 2011). 
Nitrogen loading can enhance the growth and toxin levels of Microcystis sp. blooms and microcystin 
synthetase gene expression (Gobler et al., 2007; O’Neil et al., 2012). Gobler et al. (2007) suggest that 
dominance of Microcystis sp. blooms during summer is linked to N loading, which stimulates growth and 
toxin synthesis. This may cause the inhibition of grazing by mesozooplankton and further accumulation 
of cyanobacterial cells. 

Optimal concentrations of total and dissolved phosphorous (Wang et al., 2002) and soluble phosphates 
and nitrates (ILS, 2000; Paerl and Scott, 2010; Wang et al., 2010; O’Neil et al., 2012) may also result in 
the increased production of microcystins. Some studies have observed a decrease in toxicity of 
Microcystis sp. after removal of N or inorganic carbon, but no changes was observed when P was 
removed from a cyanobacteria culture media (Codd and Poon, 1988). Similarly, Sivonen (1990) found a 
relationship between high toxicity and high N concentration, but no effect at higher concentrations of 
phosphorus. 

Smith (1983) first described a strong relationship between the relative amounts of N and P in surface 
waters and cyanobacterial blooms. Smith proposed that cyanobacteria should be superior competitors 
under conditions of N-limitation because of their unique capacity for N-fixation. While the dominance of 
N-fixing cyanobacteria at low N:P ratios has been demonstrated in mesocosm- and ecosystem-scale 
experiments in prairie and boreal lakes (Schindler et al., 2008) the hypothesis that low N:P ratios favor 
cyanobacteria formation has been debated and challenged for its inability to reliably predict 
cyanobacterial dominance (Downing et al., 2001). Eutrophic systems already subject to bloom events are 
prone to further expansion of these blooms due to additional N inputs, especially if these nutrients are 
available from internal sources. As the trophic state increases, aquatic systems absorb higher 
concentrations of N (Paerl and Huisman, 2008; Paerl and Otten, 2013b). Recent surveys of cyanobacterial 
and algal productivity in response to nutrient pollution across geographically diverse eutrophic lakes, 
reservoirs, estuarine and coastal waters, and in different experimental enclosures of varying sizes 
demonstrate that greater stimulation is routinely observed in response to both N and P additions. Further, 
this evidence suggests that nutrient colimitation is widespread (Elser et al., 2007; Lewis et al., 2011; Paerl 
et al., 2011). These results strongly suggest that reductions in both N and P inputs are needed to stem 
eutrophication and cyanobacterial bloom expansion. 
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Analysis of observational data collected at larger spatial scales support the idea that controlling Total 
Phosphorus (TP) and Total Nitrogen (TN) could reduce the frequency of high MC events by reducing the 
biomass of cyanobacteria in the system (Yuan et al., 2014, Orihel et al., 2012; Scott et al., 2013). Some of 
these analyses have also found that TN concentrations are the strongest predictors of high MC across 
large spatial scales, but the causal mechanisms for this correlation are still not clear (Scott et al., 2013; 
Yuan et al., 2014). Subsequent experiments should manipulate N:P ratios at scales relevant to ecosystem 
management to further develop/evaluate the need for a dual nutrient strategy as discussed in Paerl et al. 
(2011) and Paerl and Otten (2013b). 

2.2.2 Light Intensity 
Sunlight availability and turbidity have a strong influence on the cyanobacteria species that predominate, 
as well as the depth at which they occur (Falconer et al., 2005; Carey et al., 2012). For example, 
Microcystis aeruginosa occurs mostly at the surface with higher light intensities and in shallow lakes. The 
relationship of light intensity to toxin production in blooms is somewhat unclear and continues to be 
investigated (Duy et al., 2000). Some scientists have found evidence that toxin production increases with 
high light intensity (Watanabe and Oishi, 1985) while others have found little variation in toxicity at 
different levels of light intensity (Codd and Poon, 1988; Codd, 1995). 

Kosten et al. (2011) surveyed 143 shallow lakes along a latitudinal gradient (between 5-55°S and 
38-68°N) from subarctic Europe to southern South America). Their analyses found a greater proportion of 
the total phytoplankton biovolume attributable to cyanobacteria in lakes with high rates of light 
absorption. Kosten et al. (2011) could not establish cause and effect from these field data, but other 
controlled experiments and field data have demonstrated that light availability can affect the competitive 
balance among a large group of shade-tolerant species of cyanobacteria, mainly Oscillatoriales and other 
phytoplankton species (Smith, 1986; Scheffer et al., 1997). Overall, results from Kosten et al. (2011) 
suggest that higher temperatures interact with nutrient loading and underwater light conditions in 
determining the proportion of cyanobacteria in the phytoplankton community in shallow lakes. 

2.2.3 Temperature 
The increasing body of laboratory and field data (Weyhenmeyer, 2001; Huisman et al., 2005; Reynolds, 
2006; De Senerpont Domis et al., 2007; Jeppesen et al., 2009; Wagner and Adrian, 2009; Kosten et al., 
2011; Carey et al., 2012) suggest that an increase in temperature may influence cyanobacterial dominance 
in the phytoplankton community. Cyanobacteria may benefit more from warming than other 
phytoplankton groups due to their higher optimum growth temperatures. The optimum temperatures for 
microcystin production range from 20 to 25°C (WHO, 2003). The increase in water column stability 
associated with higher temperatures also may favor cyanobacteria (Wagner and Adrian, 2009; Carey et 
al., 2012). Kosten et al. (2011) demonstrated that during the summer, the percentage of the total 
phytoplankton biovolume attributable to cyanobacteria increased steeply with temperature in shallow 
lakes sampled along a latitudinal transect ranging from subarctic Europe to southern South America. 
Furthermore, warmer temperatures appear to favor the growth of toxigenic strains of Microcystis over 
nontoxic ecotypes (Dziallas and Grossart, 2011; Paerl and Otten, 2013b). 

Indirectly, warming also may increase nutrient concentrations by enhancing mineralization (Gudasz et al., 
2010; Kosten et al., 2009 and 2010) by temperature- or anoxia-mediated sediment phosphorus release 
(Jensen and Andersen, 1992; Søndergaard et al., 2003). Thus, temperature may indirectly increase 
cyanobacteria biomass through its effect on nutrient concentrations. Others have suggested that warmer 
conditions may raise total phytoplankton biomass through an alteration of top-down regulation by 
selective grazing that favors larger size phytoplankton species and cyanobacteria blooms (Jeppesen et al., 
2009, 2010; Teixeira-de Mello et al., 2009). The relationship between temperature and cyanobacterial 
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dominance may be explained not only by temperature effect on the competitive advantage of 
cyanobacteria, but also factors such as the percent area covered and the volume of the lake taken up by 
submerged macrophytes (Kosten et al., 2011; Carey et al., 2012). 

Rising global temperatures and changing precipitation patterns may stimulate cyanobacteria blooms. 
Warmer temperatures favor surface bloom-forming cyanobacterial genera because they are heat-adapted 
and their maximal growth rates occur at relatively high temperatures, often in excess of 25°C (Robarts 
and Zohary 1987; Reynolds, 2006). At these elevated temperatures, cyanobacteria routinely out-compete 
eukaryotic algae (Elliott, 2010; Paerl et al., 2011). Specifically, as the growth rates of the eukaryotic taxa 
decline in response to warming, cyanobacterial growth rates reach their optima. Warmer surface waters, 
especially in areas of reduced precipitation, are prone to intense vertical stratification. The strength of 
vertical stratification depends on the density difference between the warm surface layer and the 
underlying cold water which is influenced by amount of precipitation. As temperatures rise due to climate 
change, stratification is expected to occur earlier in the spring and persist longer into the fall (Paerl and 
Otten, 2013b). The increase in water column stability associated with higher temperatures and climate 
change may therefore favor cyanobacteria production and possibly the prevalence of cyanotoxins such as 
microcystins (Wagner and Adrian, 2009; Carey et al., 2012). 

2.2.4 Other Environmental Factors 
Cyanobacteria blooms have been shown to intensify and persist at pH levels between six and nine (WHO, 
2003). When these blooms are massive or persist for a prolonged period, they can become harmful. 
Kosten et al. (2011) noted the impact of pH on cyanobacteria abundance in lakes along a latitudinal 
transect from Europe to southern South America. The percentage of cyanobacteria in the 143 shallow 
lakes sampled was highly correlated with pH, with an increased proportion of cyanobacteria at higher pH. 

Cyanobacteria have a competitive advantage over other phytoplankton species because they are efficient 
users of carbon dioxide in water (Shapiro, 1984; Caraco and Miller, 1998). This characteristic is 
especially advantageous for cyanobacteria under conditions of higher pH when the concentration of 
carbon dioxide in the water column is diminished due to photosynthetic activity. Although this could 
explain the positive correlation observed between pH and the proportion of cyanobacteria, the high 
proportion of cyanobacteria at high pH could be the result of an indirect nutrient effect as described 
previously (see discussion in Temperature Section). As photosynthesis intensifies, pH increases due to 
carbon dioxide uptake by algae, resulting in a shift in the carbonic buffer equilibrium and a higher 
concentration of basic forms of carbonate. Thus, higher water column pH may be correlated with a higher 
proportion of cyanobacteria because of higher photosynthetic rates, which can be linked with high 
nutrient concentrations (Duy et al., 2000) that stimulate phytoplankton growth and bloom formation. High 
iron concentrations (more than 100 µM) have also been shown to increase cell density and chlorophyll 
content in Microcystis aeruginosa (Kosakowska et al., 2007). 

Most phytoplankton-cyanobacteria blooms occur in late summer and early fall when deeper lakes or 
reservoirs are vertically stratified and phytoplankton species may be stratified as well. Vertical 
phytoplankton biomass structure and cyanotoxin production can be influenced by seasonal changes as 
well as severe weather conditions (e.g., strong wind or rainfall), and also by runoff. At times, the 
hypolimnion (bottom layer of the water column) can have a higher phytoplankton-cyanobacteria biomass 
and display different population dynamics than the epilimnion (upper layer of the water column). 
Conversely, seasonal effects of increasing temperatures and changes in wind patterns may favorably 
influence the upper water column cyanobacterial community. This vertical variability is common and 
attributed to four causes, each of which may occur at different times, including: (a) sinking of dead/dying 
cells; (b) density stratification of the water column, especially nutrient concentrations and light, which 
affects all aspects of cyanobacteria growth; (c) increased nutrient supply from organic-rich bottom 
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sediment (even when the water body is not density-stratified), encouraging cyanobacteria growth at or 
near the bottom sediment; and (d) species-specific factors such as the tendency to form surface scums in 
the case of M. aeruginosa or the presence of resting spores in the sediment in the case of N. spumigena 
(Drake et al., 2010). In addition, there are microbial interactions that may occur within blooms, such as 
competition and adaptation between toxic and nontoxic cyanobacterial strains, as well as impacts from 
viruses. Each of these factors can cause fluctuations in bloom development and composition. When the 
composition of the cyanobacteria bloom changes, so do the toxins present and their concentrations (Honjo 
et al., 2006; Paerl and 

Figure 2-1. Environmental Factors Influencing Cyanobacterial Blooms. 

Otten, 2013b). The concentration of cyanotoxins observed in a water body when a bloom collapses, such 
as from cell aging or algaecide treatment, depends on dilution of the toxin due to water column mixing, 
the degree of adsorption to sediment or particulates and the rate of toxin biodegradation (Funari and 
Testai, 2008). 

In summary, there is a complex interplay of environmental factors that dictates the spatial and temporal 
changes in the concentration of cyanobacteria cells and their toxins with respect to the dominant species 
as illustrated in Figure 2-1 (Paerl and Otten, 2013b). Factors such as the N:P ratio, organic matter 
availability, temperature, and light attenuation, as well as other physico-chemical processes, can play a 
role in determining harmful algal bloom (HAB) composition and toxin production (Paerl and Huisman, 
2008; Paerl and Otten, 2013b). Dynamics of microflora competition as blooms develop and collapse can 
also impact cyanotoxin concentrations in surface waters. In addition, impacts of climate change, including 
potential warming of surface waters and changes in precipitation, could result in changes in ecosystem 
dynamics that lead to more frequent formation of cyanobacteria blooms and their associated toxins (Paerl 
and Huisman, 2008; Paerl et al., 2011; Paerl and Otten, 2013b). 
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2.3 Environmental Fate of Microcystins 

2.3.1 Hydrolysis 
Microcystins are relatively stable and resistant to chemical hydrolysis or oxidation at near neutral pH. 
Elevated or low pH or temperatures above 30°C may cause slow hydrolysis. They have been reported to 
remain potent toxins even after boiling (Rao et al., 2002). In natural waters, microcystins may persist for 
between 21 days and 2-3 months in solution and up to 6 months in dry scum when kept in the dark 
(Rapala et al., 2006; Funari and Testai, 2008). 

2.3.2 Photolysis 
In the presence of full sunlight, microcystins undergo slow photochemical breakdown, but this varies by 
microcystin congener (WHO, 1999; Chorus et al., 2000). The presence of water-soluble cell pigments, in 
particular phycobiliproteins, enhances this breakdown. Breakdown can occur rapidly in as few as two 
weeks or longer than six weeks, depending on the concentration of pigment and the intensity of the light 
(Tsuji et al., 1993; 1995). Microcystin-LR was photodegraded with a half-life (time it takes half of the 
toxin to degrade) of about 5 days in the presence of 5 mg/L of extractable cyanobacterial pigment. Humic 
substances can also act as photosensitizers and increase the rate of microcystin breakdown with sunlight. 
In deeper or turbid water, the breakdown rate is slower. 

2.3.3 Metabolism 
Microcystins are susceptible to degradation by aquatic bacteria found naturally in rivers and reservoirs 
(Jones et al., 1994). Bacteria isolates of Arthrobacter, Brevibacterium, Rhodococcus, Paucibacter, and 
various strains of the genus Sphingomonas (Pseudomonas) have been reported to be capable of degrading 
MC-LR (de la Cruz et al., 2011; Han et al., 2012). These degradative bacteria have also been found in 
sewage effluent (Lam et al., 1995), lake water (Jones et al., 1994; Cousins et al., 1996; Lahti et al., 
1997a), and lake sediment (Rapala et al., 1994; Lahti et al., 1997b). Lam et al (1995) reported that the 
biotransformation of microcystin-LR followed a first-order decay with a half-life of microcystin 
biotransformation of 0.2 to 3.6 days (Lam et al., 1995). Jones et al. (1994) evaluated degradation of 
microcystin-LR in different natural surface waters. Microcystin-LR persisted for 3 days to 3 weeks before 
being degraded. However, degradation was fairly rapid with more than 95% loss happening within 3 to 4 
days (Jones et al., 1994). A study by Christoffersen et al. (2002), reported half-lives of microcystin-LR in 
the laboratory and in the field of approximately 1 day, which were driven largely by bacterial aerobic 
metabolism. These researchers found that approximately 90% of the initial amount of microcystin 
disappeared from the water phase within 5 days, irrespective of the starting concentration. Other 
researchers (Edwards et al., 2008) have reported longer half-lives of 4-14 days, with longer half-lives 
associated with streams and shorter half-lives associated with lakes. 

2.3.4 Transport 
Microcystins may adsorb onto naturally suspended solids and dried crusts of cyanobacteria. They can 
precipitate out of the water column and reside in sediments for months (Han et al., 2012: Falconer, 
1998). A study by United States Geological Survey (USGS) and the University of Central Florida 
determined that microcystins did not sorb in sandy aquifers and were transported along with groundwater 
(O’Reilly et al., 2011). The authors suggested that the removal of microcystins was due to biodegradation. 

Health Effects Support Document for Microcystins – June, 2015 9 



2.4 Summary 
Microcystins are produced by a variety of cyanobacteria. Currently around 100 different congeners of 
microcystins have been identified, with Microcystin-LR the most common and best known congener 
worldwide. Environmental conditions such as nutrients, pH, light intensity and temperature influence the 
growth of these cyanobacteria and could encourage toxin production. Microcystins are water soluble and 
tend to remain contained within the cyanobacterial cell until the cell lyses (dies) and they are released in 
substantial amounts into the water. They are stable and resistant to chemical hydrolysis or oxidation at 
near neutral pH. Slow hydrolysis may occur at elevated or low pH, or temperatures above 30°C. 
Microcystins remain potent even after boiling for 15 minutes. In the dark, microcystins may persist from 
21 days to 3 months in solution and up to 6 months in dry scum. In the presence of full sunlight, 
microcystins undergo slow photochemical degradation which varies by microcystin congener and could 
take about one to a few weeks, or longer than six weeks to degrade. The presence of water-soluble cell 
pigments, in particular phycobiliproteins, enhances this breakdown. Half-lives vary from 4 to 14 days. 
Microcystins are susceptible to degradation by aquatic bacteria found naturally in rivers and reservoirs 
(Jones et al., 1994). Half-lives vary from 0.2 to 14 days. 
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3.0 CYANOTOXIN OCCURRENCE AND EXPOSURE IN WATER 
The presence of detectable concentrations of cyanotoxins in the environment is closely associated with 
blooms of cyanobacteria. Cyanobacteria flourish in various natural environments including salty, brackish 
or fresh water, cold and hot springs, and in environments where no other microalgae can exist, including 
desert sand, volcanic ash and rocks (Jaag, 1945; Dor and Danin, 1996). Cyanobacteria also form 
symbiotic associations with aquatic animals and plants, and cyanotoxins are known to bioaccumulate in 
common aquatic vertebrates and invertebrates (Ettoumi et al. 2011). 

Currently, there is no national database recording freshwater harmful algal bloom (HAB) events. Instead, 
state and local governments document HAB occurrences in various ways depending on the monitoring 
methods used and the availability of laboratories capable of conducting algal toxin analyses. 

Human exposure to cyanotoxins, including microcystin, may occur by direct ingestion of toxin-
contaminated water or food, and by inhalation and dermal contact during bathing, showering or during 
recreational activities in waterbodies contaminated with the toxins. Microcystins can be dissolved in 
drinking water either by the breakdown of a cyanobacterial bloom or by cell lysis. Exposure can occur via 
drinking water as some water treatment technologies are not designed for removal of cyanotoxins. 
Because children consume more water per unit body weight than do adults, children may potentially 
receive a higher dose on a per body-weight basis. Exposure through drinking water can occur if there are 
toxins in the water source and the existing water treatment technologies were not designed for removal of 
cyanotoxins. Because children consume more water per unit body weight than do adults, children 
potentially may receive a higher dose than adults. Exposures are usually not chronic; however, they can 
be repeated in regions where cyanobacterial blooms are more extensive or persistent. Exposure to 
microcystin from ambient surface waters is more likely to be acute or subacute as is most likely to occur 
during a bloom. People, particularly children, recreating close to lakes and beach shores also can be at 
potential risk from exposure to nearshore blooms. 

Livestock and pets potentially can be exposed to higher concentrations of cyanobacterial toxins than 
humans because they are more likely to consume scum and mats while drinking cyanobacteria-
contaminated water (Backer et al., 2013). Dogs are particularly at risk as they may lick cyanobacteria 
from their fur after swimming in a water body with an ongoing bloom. 

3.1 General Occurrence of Cyanobacteria in Water 
Species of cyanobacteria are predominantly found in eutrophic (nutrient-rich) water bodies in freshwater 
and marine environments (ILS, 2000), including salt marshes. Most marine cyanobacteria of known 
public health concern grow along the shore as benthic vegetation between the low- and high-tide water 
marks. The marine planktonic forms have a global distribution. They also can be found in hot springs 
(Castenholz, 1973; Mohamed, 2008), mountain streams (Kann, 1988), Arctic and Antarctic lakes 
(Skulberg, 1996) and in snow and ice (Laamanen, 1996). 

A visibly colored scum formed by floating cells may contain more than 10,000 cells/mL (Falconer, 1998). 
The floating scum, as in the case of Microcystis spp., may be concentrated by prevailing winds in certain 
surface water areas, especially at the shore. 

3.2 Microcystins Occurrence in Surface Water 
The microcystins are the most common cyanotoxins found worldwide and have been reported in surface 
waters in most of the U.S. and Europe (Funari and Testai, 2008). Dry-weight concentrations of 
microcystins in surface freshwater cyanobacterial blooms or surface freshwater samples reported 
worldwide between 1985 and 1996 ranged from 1 to 7,300 µg/g. Water concentrations of extracellular 
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plus intracellular microcystins ranged from 0.04 to 150,000 µg/L. The concentration of extracellular 
microcystins ranged from 0.02 to a high of 1,800 µg/L, which occurred following treatment of a large 
bloom with algaecide (WHO, 1999). A concentration of 150,000 µg/L total microcystins was reported by 
the USGS in a lake in Kansas (Graham et al., 2012). 

According to a survey conducted in Florida in 1999 between the months of June and November, the most 
frequently observed cyanobacteria were Microcystis (43.1%), Cylindrospermopsis (39.5%), and 
Anabaena spp (28.7%) (Burns, 2008). Of 167 surface water samples taken from 75 waterbodies, 88 
samples were positive for cyanotoxins. Microcystin was the most commonly found cyanotoxin in water 
samples collected, occurring in 87 water samples. 

In 2002, the Monitoring and Event Response to Harmful Algal Blooms in the Lower Great Lakes 
(MERHAB-LGL) project evaluated the occurrence and distribution of cyanobacterial toxins in the lower 
Great Lakes region (Boyer, 2007). Analysis for total microcystins was done using Protein Phosphatase 
Inhibition Assay (PPIA). Microcystins were detected in at least 65% of samples, mostly in Lake Erie, 
Lake Ontario, and Lake Champlain. The National Oceanic and Atmospheric Administration (NOAA) 
Center of Excellence for Great Lakes and Human Health (CEGLHH) continues to monitor the Great 
Lakes and regularly samples algal blooms for microcystin in response to bloom events. 

A 2004 study of the Great Lakes found high levels of cyanobacteria during the month of August 
(Makarewicz et al., 2006). Microcystin-LR was analyzed by PPIA (limit of detection of 0.003 µg/L) and 
was detected at levels of 0.084 μg/L in the nearshore and 0.076 μg/L in the bays and rivers. The study 
reported higher levels of microcystin-LR (1.6 to 10.7μg/L) in smaller lakes in the Lake Ontario 
watershed. 

In 2006, the USGS conducted a study of 23 lakes in the Midwestern U.S. in which cyanobacterial blooms 
were sampled to determine the co-occurrence of toxins (Graham et al., 2010). The study reported that 
microcystins were detected in 91% of the lakes sampled. Mixtures of all the microcystin congeners 
measured (LA, LF, LR, LW, LY, RR, and YR) were common and all the congeners were present in the 
blooms. Microcystin-LR and –RR were the dominant congeners detected with mean concentrations of 
104 and 910 µg/L, respectively. 

EPA’s National Aquatic Resource Surveys (NARS) generate national estimates of pollutant occurrence 
every 5 years. In 2007, the National Lakes Assessment (NLA) conducted the first-ever national 
probability-based survey of the nation's lakes, ponds and reservoirs (U.S.EPA, 2009). This baseline study 
of the condition of the nation’s lakes provided estimates of the condition of natural and man-made 
freshwater lakes, ponds, and reservoirs greater than 10 acres and at least one meter deep. A total of 1,028 
lakes were sampled for the NLA during summer 2007. The NLA measured microcystins using Enzyme 
Linked Immunosorbent Assays (ELISA) with a detection limit of 0.1 µg/L, as well as cyanobacterial cell 
counts and chlorophyll-a concentrations, as indicators of the presence of cyanobacterial toxins. Samples 
were collected in open water at mid-lake; no samples were taken nearshore or other areas where scums 
were present. 

A total of 48 states were sampled in the NLA and states with lakes reporting microcystin levels above the 
WHO’s moderate risk1 threshold in recreational water (>10 µg/L) are shown in Table 3-1. Microcystins 
were present in 30% of the lakes sampled nationally, with sample concentrations that ranged from the 
limit of detection (0.1 µg/L) to 225 µg/L. Two states (North Dakota and Nebraska) had 9% of the samples 

1 The WHO established guideline values for recreational exposure to cyanobacteria using a three-tier approach: low 
risk (<20,000 cyanobacterial cells/ml corresponding to <10 µg/L of MC-LR); moderate risk (20,000-100,000 
cyanobacterial cells/ml corresponding to 10-20 µg/L of MC-LR); and high risk (>100,000 cyanobacterial cells/ml 
corresponding to >20 µg/L for MC-LR) (WHO, 1999). 
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above 10 µg/L. Other states, including Iowa, Texas, South Dakota, and Utah also had samples that 
exceeded 10 µg/L. Several samples in North Dakota, Nebraska, and Ohio exceeded the WHO high risk 
threshold value for recreational waters of 20 µg/L (192, 225 µg/L, and 78 µg/L, respectively). EPA 
completed a second survey in 2012 but data have not yet been published. 

Table 3-1. States Surveyed as Part of the 2007 National Lakes Assessment with Water Body 
Microcystin Concentrations Above the WHO Advisory Guideline Level for Recreational Water of 
10 µg/L (U.S. EPA, 2009) 

State 
Number of 

Sites 
Sampled 

Percentage of Samples with Detection of 
Microcystins >10 µg/L 

Maximum Detection of 
Microcystins 

North Dakota 38 9.1% 192 µg/L 
Nebraska 42 9.1% 225 µg/L 
South Dakota 40 4.9% 33 µg/L 
Ohio 21 4.5% 78 µg/L* 
Iowa 20 4.5% 38 µg/L* 
Utah 26 3.6% 15 µg/L* 
Texas 51 1.8% 28 µg/L * 
* Single Sample

Microcystins have been detected in most of the states of the U.S. and over the past several years and 
many studies have been conducted to determine their occurrence in surface water. USGS, for example, 
did a study in the Upper Klamath Lake in Oregon in 2007 and detected total microcystin concentrations 
between 1 µg/L and 17 µg/L (VanderKooi et al., 2010). USGS also monitored Lake Houston in Texas 
from 2006 to 2008, and found microcystins in 16% of samples, with concentrations less than or equal to 
0.2 µg/L (Beussink and Graham, 2011). In 2011, USGS conducted a study on the upstream reservoirs of 
the Kansas River, a primary source of drinking water for residents in northeastern Kansas, to characterize 
the transport of cyanobacteria and associated compounds (Graham et al., 2012). Concentrations of total 
microcystins were low in the majority of the tributaries with the exception of Milford Lake, which had 
higher total microcystin concentrations, some of which exceeded the Kansas recreational guidance level 
of 20 µg/L. Upstream from Milford Lake, a cyanobacterial bloom was observed with total microcystin 
concentration of 150,000 µg/L. When sampled a week later, total microcystin concentrations were less 
than 1 µg/L. This may have been due either to dispersion of microcystins through the water column or to 
other areas or settling of cyanobacteria out of the water column. Samples taken during the same time from 
outflow waters contained a total microcystin concentration of 6.2 µg/L. 

In 2005, Washington State Department of Ecology developed the Ecology Freshwater Algae Program to 
focus on the monitoring and management of cyanobacteria in Washington lakes, ponds, and streams 
(WSDE, 2012). The data collected have been summarized in a series of reports for the Washington State 
Legislature (Hamel, 2009, 2012). Microcystin levels ranged from the detection limit (0.05 µg/L) to 4,620 
µg/L in 2008, 18,700 µg/L in 2009, 853 µg/L in 2010, and 26,400 µg/L in 2011. 

Other surveys and studies have been conducted to determine the occurrence of microcystin in lakes in the 
United States. A survey conducted during the spring and summer of 1999 and 2000 in more than 50 lakes 
in New Hampshire found measureable microcystin concentrations in all samples (Haney and Ikawa, 
2000). Microcystins were analyzed by ELISA and were found in all of the lakes sampled with a mean 
concentration of 0.1 µg/L. In 2005 and 2006, a study conducted in New York, including Lake Ontario, 
found variability in microcystin-LR concentrations within the Lake Ontario ecosystem (Makarewicz et 
al., 2009). Of the samples taken in Lake Ontario coastal waters, only 0.3% of the samples exceeded the 
WHO provisional guideline value for drinking water of 1 µg/L. However, 20.4% of the samples taken at 
upland lakes and ponds within the Lake Ontario watershed, some of them sources of drinking water, 
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exceeded 1 µg/L. During 2008 and 2009, a study was done in Kabetogama Lake, Minnesota to measure 
microcystin concentrations associated with algal blooms (Christensen et al., 2011). Microcystins were 
detected in 78% of bloom samples. Of these, 50% were above 1 μg/L in finished drinking water and two 
samples were above the high risk WHO recreational level of 20 μg/L. 

A study from 2002 evaluated water quality, including chlorophyll-a concentrations, cyanobacterial 
assemblages, and microcystin concentrations in 11 potable water supply reservoirs within the North 
Carolina Piedmont during the dry summer growing season (Touchette et al., 2007). Microcystin 
concentrations were assessed using ELISA. The study found that cyanobacteria were the dominant 
phytoplankton community, averaging 65-95% of the total cells. Although microcystin concentrations 
were detected in nearly all source water samples, concentrations were <0.8 µg/L. 

Since 2007, Ohio EPA (OHEPA, 2012) has been monitoring inland lakes for cyanotoxins. Of the 19 lakes 
in Ohio sampled during the NLA, 36% had detectable levels of microcystins. In 2010, OHEPA sampled 
Grand Lake St. Marys for anatoxin-a, cylindrospermopsin, microcystins, and saxitoxin. Toxin levels 
ranged from below the detection limit (<0.15 µg/L) to more than 2,000 µg/L for microcystins. Follow-up 
samples taken in 2011 for microcystins indicated concentrations exceeding 50 µg/L in August. During the 
same month, sampling in Lake Erie found microcystins levels to exceed 100 µg/L. 

In 2008, NOAA began monitoring cyanobacterial blooms in Lake Erie using high temporal resolution 
satellite imagery. Between 2008 and 2010, Microcystis cyanobacterial blooms associated with water 
temperatures above 18°C were detected (Wynne et al., 2013). Using the Great Lakes Coastal Forecast 
System (GLCFS) hydrodynamic model, forecasts of bloom transport are created to estimate the trajectory 
of the bloom and these are distributed as bulletins to local managers, health departments, researchers and 
other stakeholders. To evaluate bloom toxicity, the Great Lakes Environmental Research Laboratory 
(GLERL) collected samples at six stations each week for 24 weeks, measuring toxin concentrations as 
well as chlorophyll biomass and an additional 18 parameters (e.g., nutrients) to improve future forecasts 
of these blooms. In 2014, particulate toxin concentrations, collected from 1 meter depth, ranged from 
below detection to 36.7 μg/L. Particulate toxin concentrations peaked in August, 2014 at all sites, with the 
Maumee Bay site yielding the highest toxin concentration for the entire sampling period. Dissolved toxin 
concentrations were collected at each site from September until November when the field season 
ended. During the final months of sampling (October-November) dissolved toxin concentrations were 
detected with peak concentrations of 0.8 μg/L (mean: 0.28 +/- 0.2 μg/L) whereas particulate toxin 
concentrations were below detection limits on many dates indicating that a majority of the toxins (mean: 
72% +/- 37%) were in the dissolved pool as the bloom declined in intensity. 

Concentrations of microcystins were detected during sampling in 2005 and 2006 in lakes and ponds used 
as a source of drinking water within the Lake Ontario watershed (Makarewicz et al., 2009). A 
microcystin-LR concentration of 5.07 µg/L was found in Conesus Lake, a source of public water supply 
that provides drinking water to approximately 15,000 people. Microcystin-LR was also detected at 10.716 
µg/L in Silver Lake, a public drinking water supply for four municipalities. 

3.3 Microcystins Occurrence in Drinking Water 
The occurrence of cyanotoxins in drinking water depends on their levels in the raw source water and the 
effectiveness of treatment methods for removing cyanobacteria and cyanotoxins during the production of 
drinking water. Currently, there is no program in place to monitor for the occurrence of cyanotoxins at 
surface-water treatment plants for drinking water in the U.S. Therefore, data on the presence or absence 
of cyanotoxins in finished drinking water are limited. 
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The American Water Works Association Research Foundation (AWWARF) conducted a study on the 
occurrence of cyanobacterial toxins in source and treated drinking waters from 24 public water systems in 
the U.S. and Canada in 1996-1998 (AWWARF, 2001). Of 677 samples tested, microcystin was found in 
80% (539) of the waters sampled, including treated waters. Only two samples of finished drinking water 
had microcystin concentrations above 1 μg/L. A survey conducted in 1999 in Florida (Burns, 2008) 
reported that microcystins were the most commonly found toxin in pre- and post-treated drinking water. 
Finished water concentrations ranged from below detection levels to 12.5 µg/L. 

A study from 2002 conducted during the dry summer growing season, evaluated the water quality and 
environmental parameters, including phytoplankton chlorophyll a concentrations, cyanobacterial 
assemblages, and microcystin concentrations in 11 potable water supply reservoirs within the North 
Carolina Piedmont (Touchette et al., 2007). The study found that cyanobacteria were the dominant 
phytoplankton community, averaging 65-95% of the total cells. Although microcystin concentrations 
were detected in nearly all samples, microcystin-LR was detected below 1µg/L. 

During the summer of 2003, a survey was conducted to test for microcystins in 33 U.S. drinking water 
treatment plants in the Northeast and Midwest (Haddix et al., 2007). Microcystins were detected at low 
levels ranging from undetectable (<0.15 µg/L) to 0.36 µg/L in all 77 finished water samples. 

Concentrations of microcystin-LR have been detected during sampling in 2005 and 2006 in lakes and 
ponds used as a source of drinking water within the Lake Ontario watershed (Makarewicz et al., 2009). A 
Microcystin-LR concentration of 5.070 µg/L was measured in Conesus Lake, a source of public water 
supply that provides drinking water to approximately 15,000 people. Microcystin-LR was also detected at 
10.716 µg/L in Silver Lake, a public drinking water supply for four municipalities. 

In August 2014, the city of Toledo, Ohio issued a “do not drink or boil advisory” to nearly 500,000 
customers in response to the presence of total microcystins in the city’s finished drinking water at levels 
up to 2.50 µg/L. The presence of the toxins was due to a cyanobacterial bloom near Toledo’s drinking 
water intake located on Lake Erie. The advisory was lifted two days later, after treatment adjustments led 
to the reduction of the cyanotoxin concentrations to concentrations below the WHO guideline value of 1 
µg/L in all samples from the treatment plant and distribution system. 

3.4 Summary 
Microcystin-producing cyanobacteria occur in freshwater systems worldwide. No national database 
recording freshwater microcystins is available. Microcystin monitoring efforts in surface waters and 
drinking water is being conducted by states and others, including USGS, EPA, and NOAA. A survey 
done by USGS in 2006 of 23 lakes in the Midwestern U.S., found that microcystin was detected in all the 
blooms. Mixtures of all the microcystin congeners measured (LA, LF, LR, LW, LY, RR, and YR) were 
common, and all the congeners were present in the blooms. The 2007 EPA National Lakes Assessment 
found microcystin in about one third of the lakes sampled with concentrations ranging from the limit of 
detection (0.05 µg/L) to 225 µg/L. Sampling done in 2014 in Lake Erie by NOAA reported microcystin 
concentrations ranging from below detection limits to 36.7 μg/L. The U.S. Geological Survey (USGS) 
reported a concentration of 150,000 µg/L total microcystins, in a lake in Kansas (Graham et al., 2012). 

Microcystins have been found in raw and in finished drinking water. In a study done in 2007 in 33 lakes 
across the U.S., microcystins exceeded 1 µg/L levels in 7% of the raw water samples. A survey conducted 
in 1999 in Florida found microcystins concentrations in finished water ranging from below detection 
levels to 12.5µg/L. 

Exposure to microcystin from contaminated drinking water sources may occur mostly via oral exposure 
(e.g. ingestion of contaminated drinking water), dermal exposure (contact of exposed parts of the body 

Health Effects Support Document for Microcystins – June, 2015 15 



with water containing toxins) and inhalation exposure. Exposure to microcystins during recreational 
activities may occur through direct contact, inhalation and/or ingestion. Exposures are usually not chronic 
with the exception of regions with extensive and persistent cyanobacterial blooms. Since children 
consume more water per unit body weight than do adults, children may potentially receive a higher dose. 
Pets, livestock and wildlife are also potentially exposed to microcystin when consuming scum and mats, 
and drinking cyanobacteria-contaminated water. 
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4.0 CYANOTOXIN OCCURRENCE IN MEDIA OTHER THAN WATER 

4.1 Occurrence in Soil and Edible Plants 
Cyanobacteria are highly adaptable and have been found to colonize infertile substrates, such as volcanic 
ash and desert sand (Jaag, 1945; Dor and Danin, 1996; Metcalf et al., 2012). They also have been found in 
soil, at the surface or several centimeters below the surface, where they play a functional role in nutrient 
cycling. Cyanobacteria are known to survive on rocks or tree trunks, and in snow and ice (Adhikary, 
1996). They have been reported in deeper soil layers, likely transported by percolating water or burrowing 
animals. Some freshwater species are halotolerant (salt tolerant) and have been found in saline 
environments such as salt works or salt marshes (WHO, 1999). Cyanobacterial cells can bioaccumulate in 
zooplankton (Watanabe et al., 1992). As a result of higher trophic level grazing, the damaged or residual 
cyanobacterial cells may settle out of the water column and accumulate in sediment where breakdown by 
sediment bacteria and protozoa can release their toxins (Watanabe et al., 1992). 

Cyanobacterial cells and toxins can contaminate spray irrigation water and subsequently be associated 
with crop plants after spray irrigation with contaminated water (Corbel et al., 2014). Water contaminated 
with cyanobacterial cells and toxins used for spray irrigation of crop plants may cause food chain 
contamination since low levels of cyanotoxins could be absorbed by roots, migrate to shoots, and then be 
translocated to grains and or fruits. Cyanotoxins can be transmitted to food plants from irrigation water 
when cyanotoxins are deposited on the plants leaves. A study was conducted with lettuce plants grown 
with spray irrigation containing M. aeruginosa at levels ranging from 0.094 to 2.487 μg/g dw. Cyanotoxin 
levels detected in lettuce leaf extracts 10 days after irrigation indicated microcystin-LR equivalents up to 
2.49 μg/g dw (Codd et al., 1999). Extracts from rape and rice seedlings were exposed to water with 
concentrations of microcystin-LR up to 3 mg/L (Chen et al., 2004a). The study found concentrations of 
microcystin-LR of 651 ng/g in extracts from rape and 5.4 ng/g in rice. These studies and others with high 
concentrations of cyanotoxins found that concentrations at these levels are able to inhibit plant growth 
causing visible toxic effects on the plant such as leaf withering. The microcystin concentrations detected 
in rice grains were very low. Studies with seedlings exposed to cyanotoxin concentrations typically found 
in natural surface waters (1-10 μg/L) reported microcystins at low levels in broccoli roots (0.9 to 2.4 ng 
microcystin-LR/g fresh weight) and mustard roots (2.5 to 2.6 ng microcystin-LR/g fresh weight) 
(Järvenpää et al., 2007). 

Uptake of microcystins was measured in vegetables grown with irrigated contaminated groundwater in 
Saudi Arabia (Mohamed and Al Shehri, 2009). The concentration of total microcystins was highly 
variable in the plants but positively correlated with concentrations in groundwater. Radishes had the 
highest concentration (1.2 µg/g fresh weight) and cabbages had the lowest amount (0.07 µg/g fresh 
weight). Lettuce, parsley, arugula, and dill also had measurable concentrations. Generally, roots 
accumulated more than the leaves. 

Water contaminated with cyanotoxins used for spray irrigation of crop plants will inhibit plant growth and 
will induce visible toxic effects such as the appearance of brown leaves (Funari and Testai, 2008). 
Therefore, according to the authors, affected plants and crops will most likely not be used for eating 
purposes. Further investigation is needed to understand the uptake and fate of microcystins and other 
cyanobacterial toxins by food plants. 

4.2 Occurrence in Fish and Shellfish 
Cyanotoxins can bioaccumulate in common aquatic vertebrates and invertebrates, including fish, snails 
(Carbis et al., 1997; Beattie et al., 1998; Berry et al., 2012) and mussels (Eriksson et al., 1989; Falconer et 
al., 1992; Prepas et al., 1997; Watanabe et al., 1997; Funari and Testai, 2008). Human exposure to 
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cyanotoxins may occur if fish are consumed from reservoirs with existing blooms of toxin-producing 
cyanobacteria (Magalhães et al., 2001). 

The health risk from fish and shellfish consumption depends on the bioaccumulation of toxins in edible 
fish tissue compared to toxins in organs such as the liver. Numerous authors have found that microcystins 
accumulate to a lesser extent in the edible parts of aquatic organisms, such as muscle (Xie et al., 2005; 
Zimba et al., 2006; Song et al., 2009; Wilson et al., 2008; Deblois et al., 2011; Vareli et al., 2012; 
Gutiérrez-Praena et al., 2013). In a survey of microcystin in water and fish in two temperate Great Lakes 
(Erie and Ontario), the highest microcystin concentrations in fish muscle observed Lake Erie were for 
alewives (20.0-37.5 μg/kg) and northern pike (1.6-25.8 μg/kg); and for Lake Ontario: walleye (5.3-41.2 
μg/kg), white bass (4.2-27.1 μg/kg) and smallmouth bass (1.5-43.6 μg/kg) (Poste et al., 2011). Muscle 
tissue microcystin concentrations in yellow perch collected during a toxic bloom were lower in 
comparison (0.12- 0.02 ng toxin/g dw) (Wilson et al., 2008). Nevertheless, concentrations of microcystin 
in edible tissues have been reported to be greater than 0.1 µg/g for fish, crab, mussels and shrimp 
(Magalhães et al., 2001; Mohamed et al., 2003; Xie et al., 2005; Vareli et al., 2012). 

Microcystins have been shown to bioaccumulate in the liver and hepatopancreas of decapod crustaceans 
(Williams et al., 1997), but there was not strong evidence for biomagnification (Ibelings et al., 2005; Xie 
et al., 2005; Ibelings and Havens, 2008; Papadimitriou et al., 2012). Because fish are generally more 
tolerant of cyanobacterial toxins than mammals, they tend to accumulate them over time (ILS, 2000). 

In a survey by Xie et al. (2005) microcystin-LR content in muscle was highest in carnivorous and 
omnivorous fish and was lowest in phytoplanktivorous and herbivorous fish. Chen et al. (2009) also 
found highest total microcystin levels in liver and muscle from omnivorous fish compared with other 
types of feeders. Berry et al. (2011) found the highest levels in phytoplanktivores and omnivores with no 
microcystins detected in predominantly zooplanktivorus fish. Microcystin-LR was not detected in livers 
from northern pike and white sucker fish collected from a lake in Canada following peak seasonal 
microcystin levels measured in the water (Kotak et al., 1996). 

After fish are exposed, concentrations of microcystins decrease with time as a result of detoxification and 
depuration processes (Tencalla and Dietrich, 1997; Xie et al., 2005; Mohamed and Hussain, 2006; Wood 
et al., 2006; Gutiérrez-Praena et al., 2013). Researchers have also suggested that biodilution may occur 
given the observations of depuration and toxin elimination within organisms (Ibelings and Havens, 2008, 
Poste et al., 2011). It has also been raised that biotransformation of microcystin by aquatic organisms to 
covalently-bound forms may complicate the complete measurement of total microcystin content in tissues 
(Williams et al., 1997; Wilson et al., 2008; Dyble et al., 2011). 

Levels of microcystins found in tissues of aquatic species potentially consumed by humans are shown in 
Table 5-1. Unless specified, levels are reported as microcystin-LR equivalents. Most studies have 
concentrated on levels in fish, although limited data show measurable amounts of microcystin-LR in 
mussels, shrimp, and crayfish. Recent reviews emphasize that microcystin levels in edible fish and 
shellfish are highly variable depending on trophic level, bloom conditions, and potential for depuration 
(Ibelings and Chorus, 2007; Ferrão-Filho et al., 2011, and Kozlowsky-Suzuki, 2011). Soares et al (2004) 
reported that microcystins could still be found in the fish muscle several days after the end of a toxic 
bloom. In fish, higher concentrations were consistently measured in liver compared with muscle, which is 
a significant dietary contribution in small fish consumed whole. Reports of deaths of marine mammals 
from microcystin intoxication related to trophic transfer through marine invertebrates have been reported 
(Miller et al., 2010). Deaths of 21 southern sea otters close to river mouths contaminated with 
microcystins were related to intoxication after consuming farmed and free-living marine clams, mussels 
and oysters in the area showing significant biomagnification (up to 107 times ambient water levels). 
There have been no documented cases of microcystin toxicity in humans following ingestion of fish or 
shellfish that have been exposed to microcystins (Mulvenna et al., 2012). Since food web exposures to 
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Primary rat hepatocytes in suspension and isolated perfused rat liver were used to evaluate the cellular 
uptake of 3H-dihydromicrocystin-LR (Eriksson et al., 1990; Hooser et al., 1991a). Eriksson et al. (1990) 
measured the uptake by scintillation counting of washed cells of a mixture of unlabeled microcystin-LR 
and 3H-dihydromicrocystin-LR. Uptake was specific for freshly isolated rat hepatocytes and was inhibited 
by the bile salts cholate and taurocholate, and by bile acid transport inhibitors such as antamanide, 
sulfobromophthalein and rifampicin. Using both rat hepatocyte suspensions (four replicates from two rats, 
two from each rat), and the isolated perfused rat liver (two rats), Hooser et al. (1991a) found that for the 
first 5 to 10 minutes, the uptake of 3H-dihydromicrocystin-LR was rapid, followed by a plateau. The 
uptake of 3H-dihydroMCLR was measured as radioactivity in fractionated cells versus radioactivity in 
medium. At 0°C, the uptake was inhibited by incubation of suspended rat hepatocyte, probably by 
involvement of an energy-dependent process. Inhibition of uptake was also observed by preincubation of 
hepatocytes with rifampicin, a competitive inhibition of the bile acid transporter. 

The dose level and exposure time in isolated rat hepatocytes on the uptake of 125I- microcystin-YM was 
measured by Runnegar et al. (1991). Uptake was measured as radioactivity in centrifuged cell pellet. 
Initially, hepatocyte uptake was rapid but after 10 minutes a plateau in the uptake rate was observed. In 
the first minute of exposure, initial uptake rate increased with increasing concentration, however 
cumulative uptake stopped at a dose causing plasma membrane blebbing. 

Runnegar et al. (1995a), studied the microcystin-YM uptake by isolated rat hepatocytes using cell 
associated radioactivity and assays for protein phosphatase inhibition in cell lysates. The authors found 
that uptake was temperature-dependent and inhibited around 20-60% by in vitro preincubation with bile 
acids or bile acid transport inhibitors such as trypan blue, taurocholate, cholate, cyclosporine A, 
sulfobromophthalein, trypan red and rifamycin. This result indicates that uptake of microcystin happens 
by carrier mediated transport. The pretreatment with protein phosphatase inhibitors such as okadaic acid 
and calyculin A, inhibited both the uptake of microcystin-YM and the protein phosphatase, suggesting 
that the protein phosphatase may have impacted the conformation or membrane presence of the OATp 
transporter. Serine phosphorylation is involved in the regulation of hepatocyte OATp1A1’s transport 
function (Svoboda et al., 2011). 

After 2 to 3 days of being maintained in culture, the primary cultures of liver cells cease to express the 
OATps. As a result, established liver cell lines are generally not suitable to evaluate microcystin toxicity 
(Eriksson and Golman, 1993; Heinze et al., 2001). This was also observed by Chong et al. (2000) who 
evaluated microcystin toxicity in eight rodent, primate and human permanent cell lines, and found that 
after microcystin-LR exposure, only two showed cytotoxicity: a human oral epidermoid carcinoma KB 
cells, and a rat Reuber H35 hepatoma H-4-II-E cells. Toxic response in these cells was most evident when 
microcystin-LR was added after cells were seeded. Those cells more resistant to microcystin toxicity were 
established monolayers cells. 

Hooser et al. (1991a) also evaluated the subcellular distribution of 3H-dihydromicrocystin-LR in primary 
rat hepatocytes in suspension and the isolated perfused rat liver. The authors found that after protein 
precipitation with trichloroacetic acid, 50% of the 3H-dihydromicrocystin-LR was localized in the 
cytosolic fraction and bound to cytosolic proteins, and 50% was found as free toxin. The authors 
suggested that since 3H-dihydromicrocystin-LR did not bind significantly to actin or other cytoskeletal 
proteins, little of the radiolabel was in the insoluble pellet containing insoluble actin and other elements 
(Hooser et al., 1991a). 

Studies on the binding of subcellular protein of 3H-dihydromicrocystin-LR in rat liver homogenates found 
that around 80% of the radiolabeled toxin was bound to cytosolic proteins (Toivola et al., 1994). 3H-
dihydromicrocystin-LR shown to bind to both PP1 and PP2A. PP2A was detected primarily in the cytosol 
and PP1 was found in the membrane proteins (mitochondrial and post-mitochondrial particulate fraction). 
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5.3 Metabolism 
Limited data are available on the metabolism of microcystins. Most of the studies discussed below 
indicate that there is minimal if any catabolism (process of breaking down molecules into smaller units to 
release energy). The microcystins can be conjugated with glutathione and cysteine to increase their 
solubility and facilitate excretion (Kondo et al., 1996). It is not clear whether CYP450-facilitated 
oxidation precedes conjugation. Stotts et al. (1997a,b) found that after i.v. injection or ileal loop exposure 
in swine, 3H-dihydromicrocystin-LR was not metabolized in the liver and was primarily present in hepatic 
tissues as the parent compound. 

Some metabolism of microcystin-LR was shown to occur in mice and in isolated perfused rat liver 
(Robinson et al., 1991; Pace et al., 1991). Male CD-1 mice were administered 3H-dihydromicrocystin-LR 
as an i.v. dose of 35 µg/kg and monitored for up to six days. Over the 6-day interval, 9.2% and 14.5% of 
the dose was excreted in the urine and feces, respectively, of which ~60% was parent compound. High-
performance liquid chromatography analysis for urinary and fecal metabolites revealed several minor 
peaks of lower retention times. Analysis of liver cytosol preparations revealed that 83% of the radiolabel 
was bound to a high molecular weight cytosolic protein after six hours and that amount decreased to 42% 
by day 6 (Robinson et al., 1991). Pace et al. (1991) also demonstrated binding of both the parent toxin 
(3H-dihydromicrocystin-LR) and a more polar metabolite to cytosolic proteins in isolated perfused rat 
liver. Of the hepatic cytosol radiolabeled, 60 to 85% were polar metabolites. No characterization of 
metabolites of microcystin-LR was done in these studies. 

A decrease in the amount of cytochrome b5 and cytochrome P450 in the liver was observed after the 
administration of 125 μg/kg of Microcystis strain 7820 (primarily produces microcystin-LR) to mice 
(Brooks and Codd, 1987). The pretreatment of mice with microsomal enzyme (mixed function oxidase) 
inducers such as β-naphthoflavone, 3-methylcholanthrene and phenobarbital, eliminated this effect on 
hepatic cytochromes. Pretreatment also extended survival and reduced liver toxicity (i.e., changes in liver 
weight). However, no change in cytochrome P450 associated enzyme activity (i.e., metabolism of 
aminopyrene and p-nitrophenol) was found in microsomes isolated from mouse liver after animals were 
injected with an extract of M. aeruginosa (Cote et al., 1986). 

Glutathione and cysteine conjugates have been identified in the liver after i.p. injection of 10 or 20 µg 
microcystin-RR to mice or 4µg microcystin-LR to rats (purified from blooms) (Kondo et al., 1992, 1996). 
The conjugates were isolated and compared to chemically prepared standards which indicated structural 
modification of the Adda and Mdha moieties of the microcystin toxins. The authors postulated that these 
moieties could be the sites of CYP oxidation and subsequent conjugation with glutathione or cysteine. 

Formation of microcystin-LR glutathione conjugates occurs by glutathione S-transferase (GST) enzymes 
found in both liver cytosol and microsomes of rats (Takenaka, 2001). Characterization of glutathione 
conjugation of microcystin-LR (>95% pure isolated from M. aeruginosa) has been done by five 
recombinant human GSTs (A1-1. A3-3, M1-1, P101, and T1-1) (Buratti et al., 2011). Although with 
different dose-responses, all five GSTs catalyzed the conjugation. The authors also determined that the 
spontaneous reaction for microcystin-LR conjugation with glutathione (GSH) was dependent on GSH 
concentration, temperature and pH. 

Based on LD50 estimates, Kondo et al. (1992) found that glutathione and cysteine conjugates of 
microcystin-LR and microcystin-YR were less toxic than the parent compounds, however, they 
demonstrated that these conjugates were toxic (LD50 values ranged from 217 to 630 μg/kg in mice). 
Metcalf et al. (2000) also demonstrated in vitro that glutathione, cysteine-glycine and cysteine conjugates 
were less toxic in the mouse bioassay than the parent compounds demonstrating that conjugates were also 
weaker inhibitors of protein phosphatases 1 and 2A. After intratracheal instillation in mice, the 
distribution of glutathione and cysteine conjugates of microcystin-LR start in the kidney and continue in 
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